Alzheimer's disease (AD) is a neurodegenerative disease in the elderly, the exact etiology of which is not clear. Senile plaques (SP), neuronal loss and neurofibrillary tangles (NFT) are characteristic pathologic changes of AD [1] . With the progression of aging populations, the incidence of AD is increasing gradually [2] . However, medical treatment is only effective in patients with early AD or those who have mild cognitive impairment (MCI) without presenting irreversible neuronal change, and only early medical intervention may block or delay the progression of AD and improve the patient's quality of life. Therefore, early detection and treatment of AD have become the focus of AD research at present.
In the last decade, neuroimaging has been used to complement clinical assessments in the early detection of AD. However, previous AD image studies [3] [4] [5] mainly focused on morphological change (such as measurement of the hippocampal volume), and its sensitivity and specificity were not high enough. Some studies [6] [7] [8] have investigated the cerebral tissue that had undergone metabolic and functional changes before occurrence of abnormal structural changes in the brain. In recent years, swift development of neurological imaging technology gives rise to tremendous changes in medical imaging patterns. Imaging diagnosis of AD has transformed from single morphologic anatomy to a combination of function and metabolism, rendering it possible to set up safe and effective markers for early diagnosis of AD [9] [10] . Magnetic resonance spectroscopy (MRS) is a noninvasive spectroscopy technique for the study of metabolic and biochemical changes of tissues in vivo as well as quantitative analyses of compounds, thus bringing hope for early diagnosis of AD.
It is generally accepted that a decrease in N-acetylaspartate (NAA) is of great value in an early AD study, but there are controversies over the role of myo-inositol (mIns) in the development of AD [11] [12] [13] [14] . In the present study, 1 H-MRS of the frontal cortex and hippocampus of APP/ PS1 double transgenic (tg) mice was performed at 3, 5 and 8 months of age. Our aim was to identify the potential value of mIns, which is regarded as a biomarker of early AD, by comparing it with histopathologic changes.
There have been various AD animal models, but they cannot reflect AD in a comprehensive and accurate way. Comparatively, cerebral pathologic changes of tg mice are similar to those of humans, and they can be used to simulate part of the neuropathologic changes such as SP formation, proliferation of neuroglial cells and decrease of synapses. In addition, these mice may display behavioral disorders similar to clinical presentations of AD [15] . As the AD model of APP/PS1 tg mice used in the present study was characterized by the early appearance of ␤ -amyloid (A ␤ ) plaques, neuronal degeneration and synaptic loss in the brain, it is a relatively good model for imaging, behavioral and pathologic studies of AD and will hopefully provide useful experimental clues for the clinical study of AD.
Materials and Methods
Animals APP/PS1 tg mice were purchased from the animal model center of Nanjing University (Nanjing, China); the species was from B6C3-Tg (APPswe, PSEN1dE9) 85Dbo/J line double transgenic mice (original species No. 004462) provided by the National Jackson Animal Center, USA. The animals were raised in an environment, with free access to food and water. The study group included 30 tg mice (19 male and 11 female), and the control group used 20 wild-type (wt, 9 male and 11 female) mice born in the same nest. According to the report [16] , the first plaques in the cortex and hippocampus of APP/PS1 tg mice could be detected at 4-6 months, and Bell and Claudio Cuello [17] thought that 8-monthold APP/PS mice represented an early stage of amyloid pathology. Therefore, mice of 3, 5, and 8 months of age were used for the experiment. The studies were approved by the Shanghai Ethics Committee and all experiments were performed in accordance with guidelines from the Chinese Animal Welfare Agency.
MRS Examination
Mice were anesthetized with 2.0% isoflurane in an NO 2 /O 2 mixture. With the teeth hooked by tooth bars, the mice were fixed in a prone position. The body temperature was maintained at 36-37 ° C using a water-heated animal bed, and respiration was monitored. MRI was performed using a 7.0-T magnet with a horizontal bore (Bruker PharmaScan 70/30, Bruker, Germany) equipped with a 12-cm inner diameter self-shielded gradient system (max. gradient strength 300 mTm -1 ). The body coil and surface coil were used as the exciting coil and receiving coil, respectively. Using the RARE sequence, axial T 1 WI (TR 500 ms, TE 7.5 ms) and T 2 WI (TR 3,000 ms, TE 36 ms) and coronal and sagittal T 2 WI were performed with 0.8-mm thickness, 1.0-mm interval, 3.0 ! 3.0-mm field of view, and 256 ! 256 matrix.
As amyloid plaques first appeared in the frontal cortex (including the cingulate cortex and sensorimotor cortex) in tg mice [11, 14] , the region of interest (ROI) was positioned in the hippocampus and part of the frontal cortex in the brain ( fig. 1 ). The voxel size was 2.0 ! 2.0 ! 2.0 mm (8 mm 3 ). The location was made from the transverse, coronal and sagittal directions, avoiding the surrounding major vessels and lateral ventricular structures. For each animal, great care was taken to reposition the voxel always at the same location. The selected ROI was shimmed and the frequency of water peaks was calculated. The water suppression pulse was adjusted for chemical-shift-water suppression (CHESS) prior to PRESS acquisition. MR spectroscopic data were collected by PRESS at TR 2,500 ms, TE 20 ms and exciting frequency 500 for 24 min. The original data were treated by the workstation and processed using the Bruker processing software 2D WIN-NMR (Bruker-Franzen Analytik, Germany). Spectral phase diagrams (raw spectra) were Fourier-transformed, baseline-corrected, and zero-filled. The areas under the peak for various metabolites, including mIns, NAA, and Cr, were calculated automatically by the NUTS-NMR Utility Transform Software (AcornNMR, Livermore, Calif., USA) [18] . Using Cr as the criterion, the mIns/Cr and NAA/Cr ratios were quantified.
Histologic Examination
After each MR examination, 3 tg mice and 2 wt mice were catheterized by open surgery from the left ventricle to the ascending aorta, through which 100 ml 4 ° C normal saline was infused quickly, followed by the infusion of 4% paraformaldehyde solution. The brain was removed, fixed, dehydrated, frozen, sliced into 25-m coronal sections, and stained immunohistochemically with A ␤ , GFAP, and Nissl.
(1) GFAP fluorescent staining: frozen sections were rinsed with 0.01 mol/l PBS, incubated with 3% hydrogen peroxide for 15 min, treated with 0.3% Triton X-100 for 30 min, sealed with goat serum for 10 min, added with goat anti mouse GFAP polyclonal antibody (1/400, Sigma, USA), and incubated at 37 ° C for 2 h and overnight at 4 ° C. The secondary antibody was FITC-labeled goat anti-rabbit IgG (1/100, Sigma, USA). To analyze the levels of astrocytes, quantification was performed using a 400 ! objective and a 1 ! 1-mm grid on 15 fields from appropriate consecutive sections of the frontal cortex and hippocampus. Photographs were taken using a fluorescence microscope (Olympus, Japan). (2) A ␤ staining: the first antibody was mouse anti-human A ␤ antibody (1/1,000, Sigma, USA), and the secondary antibody was HRP labeled goat anti-mouse IgG (Sigma, USA), incubated at 37 ° C for 2 h, DAB color developed, patched routinely, dehydrated, hyalinized and mounted. (3) Nissl's staining: frozen sections were stained with 1% toluidine blue at 56 ° C for 30 min, washed with water, color separated with 95% ethanol, dehydrated, hyalinized and mounted for microscopic examination.
Statistical Analysis
Statistical results are expressed as mean 8 SD. All data were statistically analyzed using SPSS 13.0 statistical software. Comparisons of the 1 H-MRS and histology indexes between tg mice and wt mice at each time point were conducted by a two-sample t test and changes among wt mice of 3, 5 and 8 months of age were assessed by means of a one-way ANOVA. p ! 0.05 was considered statistically significant.
To determine whether mIns had any significance in the early diagnosis of AD, the upper limit of the 95% CI of the mean mIns/ Cr ratio of the wt mice of 3, 5 and 8 months of age was used as the threshold, and the sensitivity, specificity and correct prediction of the AD mice were compared.
Results

MRS Examination
1 H-MRS results of both tg mice and wt mice are shown in table 1 . The NAA peak was at 2.0 ppm, the mIns peak was at 3.56 ppm, and the Cr peak was at 3.0 ppm. Although studies have shown that gender plays an important role in the pathogenesis of AD [19] , we do not find significant differences in 1 H-MRS between male and female mice in any groups in the present study. Compared with the wt mice, significant mIns elevation was detected in 3-month-old tg mice, and there was a significant difference in the mIns/Cr ratio between the tg and wt mice (p ! 0.05). In addition, mIns increased gradually with mouse age. There was no significant change in NAA in 3-month-old tg mice (p 1 0.05), a significant decrease in 5-month-old tg mice (p ! 0.05), and an even greater decrease in 8-month-old tg mice ( fig. 2-4 ) . There was no significant change in NAA and The upper limit of the 95% CI of the mean mIns/Cr ratio of wt mice was used as the threshold, and the number of correct predictions increased from 82 to 95% between 3 and 8 months of age. mIns in the wt mice at all designated time points (F value was 0.37 and 0.53, respectively, p 1 0.05).
Using the upper limit of 95% CI of the mean mIns/Cr ratio of the wt mice of 3, 5, and 8 months of age as the threshold, the sensitivity, specificity and correct prediction of the AD mice are shown in table 2 . The correct predictions increased from 82% at 3 months of age to 95% at 8 months of age. Table 3 shows the numbers of GFAP-positive cells in tg and wt mice at different time points. Compared with the wt mice, the overall intensity of GFAP immunoreactivity of the tg mice increased considerably at 3, 5, and 8 months of age (p ! 0.001). As shown in figure 5 a-c for the hippocampi of 3-month-old tg mice, the astrocyte somata had a larger appearance in the field and GFAP staining was more intense than in wt mice. From 5 to 8 months of age, the astrocyte proliferation of tg mice was apparent in a much larger area. GFAP-positive cells were seen interlocking into masses in 8-month-old AD mice. Fig. 2 . Spectra from the hippocampus and frontal cortex in tg (top) and in wt mice (bottom) at the age of 3 months. mIns was significantly increasing in the tg mice, and there was no significant change in NAA. A ␤ Staining A histologic examination revealed that no A ␤ plaques were seen in the observation areas of 3-month-old tg mice ( fig. 6 a) , although astrocyte reactivity was detected. A small number of diffuse A ␤ deposits were seen in the frontal cortex and hippocampus in 5-month-old tg mice ( fig. 6 b) . In 8-month-old tg mice, many brown extracellular deposits were detected compared with mice 5 months of age, and compact plaques were seen in the hippocampus ( fig. 6 c) . In addition, no A ␤ plaques were found in wt animals at any time points.
Histologic Examination
GFAP Staining
Nissl's Staining Neurons were seen in good and dense arrangement, and the Nissl bodies were rich in cytoplasm in the hippocampus of 3-month-old tg mice ( fig. 7 a) . In 5-monthold tg mice, the number of neurons gradually decreased, the arrangement became sparse, the intercellular space widened ( fig. 7 b) . With the increase of A ␤ plaques in the hippocampus, Nissl bodies in the cytoplasm decreased or disappeared, and large patches of cells were lost in 8-month-old tg mice ( fig. 7 c) .
Discussion
Magnetic resonance spectroscopy is a spectral technique for the assessment of several biochemical compounds in vivo and in vitro. Numerous studies [20] [21] [22] [23] have demonstrated that NAA, a marker of neurons, can be used to differentiate normal aging and pathologic dementia effectively. The results of our study also showed that NAA was reduced significantly in the frontal cortex and hippocampus of 5-month-old APP/PS1 tg mice, when pathology showed the formation of sparse A ␤ plaques in these areas, and the number of neurons decreased. As the age of the mice increased, the number of A ␤ plaques gradually increased, and the number and density of Nissl-positive cells also gradually decreased. NAA decreased continuously on 1 H-MRS. These findings fully reflect the pathologic process of the degeneration of neurons induced by the toxicity of A ␤ protein deposition.
mIns is a marker of neuroglial cells and exists in the astrocytes of brain tissue. It is an organic substance regulating the osmotic pressure of neuroglial cells and maintaining the stability of the volume of neuroglial cells. In the present study, mIns increased significantly in 3-month-old tg mice. No significant change in NAA was observed, nor were there pathologic A ␤ plaques in the brain of tg mice, or significant neuronal changes in the hippocampal areas. The result indicated that the change in mIns was significant in differentiating APP/PS1 tg mice from wt mice. Marjanska et al. [12] also found in their observation of 27 APP/PS1 double transgenic AD mice that mIns increased gradually with age, but that the phenomenon was not observed in the APP model mice. We speculated that the inconsistent result might be responsible for the model of AD mice. For example, no increase in mIns was observed in the case of PS2APP mice [11] . Likewise, Dedeoglu et al. [14] found that there was no significant change in mIns in 19-month-old APP mice. However, Oberg et al. [13] found in their study of 1 H-MRS of 2.5-, 6.5-and 9-month-old APP/PS1 tg mice that mIns in 2.5-month-old tg mice was even lower than that of their control animals. Further studies need to be performed to determine whether different study methods result in diverse conclusions (selected ROI, parameters used, etc.). The exact mechanism of mIns abnormality prior to NAA remains unclear, and there are no related reports about this. However, some studies have suggested that elevated mIns levels are characterized by excessive brain gliosis. For example, Behar et al. [24] believe that the rise in mIns corresponds to the most marked astrocytic reaction and might reflect a specific glial response in hamsters with Creutzfeldt-Jakob disease. Coimbra et al.'s studies have shown a correlation of increased mIns with AD pathology [25] . In the present study, the results of GFAP staining showed that there were activated and hyperplastic astrocytes in the frontal cortex and hippocampus of 3-month-old AD mice, while no A ␤ plaques were detected and neurons were also not abnormally damaged. This result indicated that an increase in mIns was related to the activation and reactive hyperplasia of astrocytes. Jacobsen et al. [26] found that there was no significant A ␤ increase in the brain of TG transgenic AD mice younger than 18 months, while the GFAP expression increased markedly, with enlarged cell bodies. Kimura et [7, [30] [31] [32] . Kantarci et al. [30] pointed out that an mIns/Cr increase could reflect the pathologic condition of AD earlier than the NAA/Cr reduction. Huang et al. [31] also found that the change in mIns occurred earlier than the NAA change in AD patients. However, as there is a lack of experimental animal studies and pathologic controls, there is no conclusion about the tendency and critical level of change of these metabolic indexes, and therefore it is impossible to set up a series of AD spectra for the early diagnosis of AD at present. In the present study, we used the upper limit of 95% CI of the mIns/Cr ratio of the wt mice as the critical point for AD judgment, and the results showed that the correct predictions were 82, 94 and 95%, respectively, in 3-, 5-and 8-month-old mice. This result indicates that mIns may be used as a sensitive and specific marker of early AD. Our study may hopefully provide useful experimental clues for further study of AD. However, further studies need to be performed since the APP/ PS1 is only an animal model of AD pathology and only reflects one aspect of the disease.
In the present study, we conducted quantitative analyses of mIns in APP/PS1 tg mice by means of 1 H-MRS. By comparing the 1 H-MRS results with pathologic findings, we found that mIns levels became elevated before neurons underwent significant change in early AD. We believe that mIns/Cr elevation is one of the most direct cues for early diagnosis of AD, and may prove to be a new method of assisting clinical diagnosis of AD and observing progression of the condition.
